Integrated circuits are normally fabricated by the same methods as high-frequency planar transistors. Impurities are introduced into the semiconductor wafer by gaseous diffusion; the wafer surface is masked by an oxide layer, and impurities are able to diffuse into the wafer only where this oxide has been removed. The masking process is normally accomplished by photo-resist techniques, which have a resolution of approximately one micron. The resists are exposed with visible light using extremely high quality optical systems capable of resolving from 500 to 1000 lines/mm (a resolution of from one to two microns). In the production of integrated circuits, several successive resist exposures, oxide removal, and gaseous diffusion steps are necessary, and the registration of successive patterns on the semiconductor surface must be within one to two microns also if the ultimate device performance is to be realized. It is often difficult to determine during the device fabrication process whether or not this precise registration is being obtained at each step of the process. As semiconductor integrated hybrid devices become smaller, it also becomes more difficult to determine how closely the integrated circuit which is manufactured compares with the model which was designed for manufacture; best device performance is often achieved by empirical methods not completely understood by the design engineer.
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-1-Mechanical probing to determine voltage changes along the semiconductor surface is a coarse method at these small dimensions. Light microscopy can yield details on surface structure and topography, but it does not yield quantitative electrical information.
II. SEMICONDUCTOR SURFACE EXAMINATION USING ELECTRON BEAMS
It wuuld be desirable to examine integrated circuits with a highresolution instrument which provides itiformation 'on both the electrical and physical topography of the device surface. The examination should be nondestructive if possible so that it can be used as a quality-control step. Such examination is possible using very small diameter electron beams often called electron microprobes. An electron microprobe is produced by demagnifying a small electron source, using suitably placed electron lenses, and may have a typical diameter of a few microns to a few hundred angstrom units. For the semiconductor work of interest here, a beam 0 0 ranging in diameter from 100 A to 10, 000 A would be produced and scanned in a raster pattern over the semiconductor surface. The secondary emission of the semiconductor surface is a function of the surface geometry, and the number of secondary electrons which are collected is a function of the surface potential [Everhart, Wells and Oatley (1959) ]. Thus if the coll-cted secondary electron current is amplified, and the resulting video signal modulates the current of a cathode-ray tube which is scanned in synchronism with the electron microprobe, the picture appearing on the cathode-ray tube screen contains easily interpreted information on the physical and surface topography of the semiconductor specimen's surface.
Such a scanning electron micrograph is shown as Fig. 1 . This germanium pn diode was fabricated by alloying an indium pellet onto a germanium single crystal which had been ground, lapped and etched to a mirror flat surface along the (111) plane. The reverse-biased junction is seen in the micrograph as the sharp change of brightness, the light side to the right being the p region, and the darker side to the left being the n-type It is worthwhile stressing that this is a nondestructive technique.
For best resolution, scanning electron microscopes operate with beam voltages of 10-20 kV, and currents of the order of 10"8 to 10"12
amperes. The beam is scanned, i. e., is continually moving ,acroso the specimen surface, yielding an average power density at the specimen surface of considerably less than one milliwatt/square centimeter, and consequently, little heating of the specimen. The above voltage is much lower than that which produces structural damage such as Frenkel defects (lattice vacancy plus interstitial atom) in semiconductors; the threshold voltage for such defects is about 145 kV for silicon and above 325 kV for germanium [Loferski and Rappaport (1955.) ]. Damage may corm.e from undesirable gaseous molecules in the vacuum system, which may condense on the surface and be polymerized by the electron beam. This contamination is discussed in more detail below; it does not seem a serious obstacle at the present time.
III. QUANTITATIVE MEASUREMENTS USING ELECTRON BEAMS
One inherent aspect of this technique is the electron beam which, in striking the specimen surface, injects carriers into the specimen to a depth of a few microns. (The actual depth depends both on material and beam energy). On insulating specimens, this charge causes electric fields, which spoil the resolution, On semiconductkng and conducting specimens, this charge has no such bad effects. In fact, when high energy particles strike and penetrate into a semiconductor, they generate holeelmtron pairs in the material. In silicon, for example, one hole-electron pair is generated for approximately each 3. 6 electron volts of energy of the incoming particle. For an impinging beam of current I at 3. 6 kV, a -4-current of 1000 I would flow if all these carriers could be utilized.
Generally the minority carriers quickly recombine in the material, and these carriers are not utilized as current. However, if the hole-electron pairs are formed in a space charge or depletion region near the junction of a pn junction diode, the carriers are swept out of the junction region into the majority carrier region, and essentially all carriers which are created contribute to the current across the junction. Thus for a 20 kV electron into the depletion layer of a silicon pn junction some 5, 500
electrons or holes will be swept into the majority region, giving a current amplification in this case of 5, 500.
Because the time response of this current amplification is quite fast, being in the order of a few nanoseconds, this process is receiving considerable attention, not only for nuclear detectors [see Williams and Webb (1962) ], but also for fast switching as applied to computers tsee Brown (1961) ].
This process should be quite valuable in the analysis of very small dimensioned integrated circuits. Consider the case of a simple pn junction diode which extends to the surface of the material and which is reverse-.biased. As a very small diameter electron beam probe is swept across the surface of the diode perpendicular to the junction, it generates hole-electron pairs in the semiconductor material. These hole-electron pairs will diffuse into the material, the diffusion length being easily calculated if the minority carrier lifetime and diffusion constant of the material are known. When the electron beam is far from the junction the current across the junction will bc a normal leakage surface current of the diode plus the reverse bias current across the junction (it is assumed that the electron beam current is considerably less than these other mentioned currents). As the electron beam approaches the junction, some of the minority carriers will diffuse to the junction and be swept by the electric field which exists there into the opposite side of the junction where they are majority carriers and therefore have a much lower probability of recombination. Because of current continuity, the total current across the junction will be the same as the current through the external circuit.
When the electron beam strikes the depletion layer, virtually all of the -5-hole-electron pairs will be swept out to their respective majority regions and the junction current will be several thousand times the incident beam current for 15-20 kV incident electron energies, This junction current may be measured, which permits a check on the efficiency of hole-current pair production by incident ionizing radiation. Preliminary experiments such as the one just described were performed by the author during his doctoral work at the University of Cambridge [Everhart (1958) ]. erally employed. Lens one and lens two may either be electrostatic or electromagnetic lenses of the type used in conventional electron microscopes. The only special feature of lens two should be a maximum working distance (i. e. , distance between the outside of the lens and the specimen), consistent with minimum focal length. Spots as small as 300 angstrom units in diameter have been produced by a scanning electron microscope at Cambridge University. Larger spots can, of course, be produced by increasing the focal length of either lens. In order to produce such a fine spot both the high voltage and the lens current power supplies must be ex.-tremnely stable, and the mechanical rigidity of the instrument must also be extremely high.
Often it is desirable to pulse the current which strikes the specimen surface. If the power supply is pulsed, variation in the power supply voltage can occur which seriously impairs the resolution of the instrument. 
A. Cathode Current Density
One of the best electron emitters for demountable vacuum systems is tungsten heated to from 2700 to 30000 K. The current density is a rather sensitive function of temperature in this range of temperature, approximately doubling for each 1000 increase in cathode temperature. While tungsten must be heated to a higher temperature than many other metals, it has proven quite satisfactory, and is used in most electron-optical demountable systems. The specific emission of tungsten varies from approxi- Impregnated cathodes activate rapidly, and appear attractive for use in "clean" systems, where the pressure is maintained below 10-6 Tort.
Such systems may prove advisable to avoid surface contamination of semiconductor specimens due to hydrocarbon molecules from diffusion pump oil and 0-ring seals. Some advantages and disadvantages of "clean" systems are discussed under the heading of Contamination.
Another promising electron source for microprobe applications is a field emitter cathode. At the present time these cathodes require a very low pressure of the order of .10-9 millimeters of mercury or less. Quite large current densities are obtained from the emitter tip, but the tip itself is quite small, and so the total emitted current is generally quite small. The work reported on in the balance of this report will assume a tungsten thermionic cathode with the understanding that when better cathodes of a different type become available, they certainly will be exploited,
B. Noise
The statistical fluctuation of the number of electrons emitted per unit time in thermionic emission is termed shot noise and has been analyzed by many woikers in some detail. Noise as it applies to the scanning electron microscope has been adequately discussed by Smith and Oatley (1955) and Everhart, Wells and Oatley (1959), and is only briefly reviewed here.
Basically, the noise per picture point in a scanned display is due to the shot noise in the primary electron beam, plus any additional noise due to seconda.ry emission from the specimen under examination, and noise introduced 1by subsequent amplification. The mean-square noise current is -11- proportional to average beam current and bandwidth; the mean-square signal currentjis proportional to average beam current squared; thus the signal-to-noise ratio increases with beam current and decreases with increased bandwidth. For this reason, the video bandwidth must be greatly reduced at the small beam currents used in a scanning microscope (from 10i to 10" amperes).
C. Axial Current Density
The maximum current density which can be obtained in an axially symmetric system with no aberrations was first derived by Langmuir (1937) .
This maximum current density is
where J c is the cathode current density, V is the accelerating voltage between the cathode and the point in question, T is the temperature in de- 
E. Limiting Spot Size
It is often desirable to know the limiting spot size obtainable with a given electron optical system. It will be assumed here that this minimum spot size is limited by the Gaussian spot size, by spherical aberrations, and by thermionic emission velocities. The Gaussian spot size is determined from the object size, generally taken as a crossover formed by the electron gun, and by the demagnification as determined by the geometry of the electron lenses. The effect of thermal velocities will be taken as the approximate form of Eq. (1) since (eV/kT) is generally much greater than unity in electron optical systems of interest and a is generally much less than unity. As we shall be interested in demagnified images, b/f will be taken as unity, although any result we obtain can be adjusted to b/f different from unity, but substituting Cs' for C 5 . The crossover of an electron gun has a Gaussian variation with radius, and the current density in the minimum disc of confusion due to spherical aberration has a similar bellshaped variation with radius. Thus to get the total spot diameter the Gaussian spot diameter and the spherical aberration spot diameter should be added in quadrature. 
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The optimum diameter for a given value of the various parameters is given by
The current I which occurs in Eq. (8) is the maximum current which can be focused into a demagnified spot of diameter d° by an axiallysymmetric electron-optical system. Solving Eq. (8), this optimum current is obtained. 
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where am is the a for which the total spot diameter is due to spherical aberration and none due to the Gaussian spot. Therefore the current must vanish at a a .
CL [4d] 1/3 (11)
The pertinent graph is shown in Fig. 3 . As a increases from zero, the current increases quadratically since the effect of spherical aberration is exceedingly small. At the optimum value of a the current reaches its maximum and then rapidly decreases as a increases further because in order to maintain a spot of constant diameter, the Gaussian spot size must be rapidly reduced to compensate for the rapid increase of aberration spot size.
Another important design curve is the plot of normalized spot diameter d versus normalized a for a constant spot current. This plot (Fig. 4) assumes that the cathode current density, absolute temperature, 
35%.
The equations and graphs of this section aid the design of a micooprobe and indicate the performance which may be expected. Equation (12) shows that C 5 is minimized by using the shortest possible focal length f'
and largest lens diameter D. However, if D is too large, the magnetic material of which the lens is constructed will saturate; also, the minimum focal length of a magnetic lens is proportional to its diameter. Hence, lens design always involves compromises; using procedures and curves -18-due primarily to Liebmann (1955) and Mulvey (1958) , electron-probb magnetic lens design is fairly readily accomplished.
F. Resolution
Resolution has been discussed in some detail by Everhart et al. Often the variation of energy dissipation with depth into the material is also important, as hole-electron pair production is directly proportional to energy dissipation. The energy dissipation/unit depth depends upon the primary electron energy and the target material to some extent, according to Kanter and Sternglase (196Z) and Kanter (private communication), but a universal curve derived from range measurements in air is believed to be a good approximation for electron penetration of solids as well [Grun (1957) ]. This universal curve shows the energy dissipation/unit depth rising from its value at the surface to a maximum at approximately 0. 3 R, and then decreasing to zero at R.
The value at 0. 6 R is approximately the same as at the target surface.
The actual shape of the irradiated volume has been discussed by vari- For many analyses, the electron-irradiated volume can be approximated by a point source of hole-electron pairs. However, for examination of "hidden" junctions a few microns beneath the semiconductor surface, the energy dissipation/unit depth should be known more accurately, and for determining semiconductor parameters as the beam. is swept over a junction at the semiconductor surface, the variation of energy dissipation with distance from the beam axis should be known accurately as well. Examination of an angle-lapped abrupt semiconductor pn junction may provide a method of measuring the energy dissipation/unit depth, and similar examination of an abrupt junction normal to the surface may yield the energy dissipation with distance from the beam axis. In both cases, the reversebias current through the junction would be measured accurately as the beam is swept over the specimen, and the shape of the reverse-bias current vs.
beam position curve interpreted analytically to give the required information.
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G. Contamination
In demountable vacuum systems pumped by oil vapor diffusion pumps, a layer or layers of hydrocarbon atoms can build up on surfaces on the interior of the vacuum system. If an energetic electron beam strikes these surfaces, these hydrocarbon atoms generally are cross-polymerized and an insulating film is formed on the surface. Christy (1960) has analyzed one model of this process quite carefully, both experimentally and theoretically. His theory shows that the rate of film formation is proportional to the number of molecules which strike the surface per unit area per unit time. This rate of film formation is decreased if the substrate temperature is increased or if the quality of the vacuum is greatly improved.
The above form of contamination has long been a problem in electron microscopy, where contamination can injure the specimen under examination and impair instrumental resolution. Heide (1962) has shown that if a specimen is kept at room temperature, but surrounded by a vessel at a temperature less than -130° C, (liquid nitrogen is excellent as a coolant), the rate of contamination is reduced by two or three orders of magnitude below the rate which occurs without these precautions (the operating pressure of electron microscopes is approximately 5 x 10".5 Torr). Reduced contamination occurs principally because hydrocarbons and water vapor molecules which enter the specimen chamber are condensed on the cold walls, but not on the warm specimen. The specimen chamber must be designed, therefore, with all surfaces except the specimen itself at liquid nitrogen temperature. If this procedure is followed, then ordinary demountable vacuum practice can be followed throughout the rest of the system, including the use of O-ring seals, brass and mild steel parts, etc.
Another method for reducing contamination is simply to operate an ultra-high vacuum system. Such a system would use low vapor pressure matcrial, would be capable of bake-out, and would be processed like a sealed-off vacuum tube. It might use a dispenser-type cathode, with a much greater life than is normal with tungsten filaments, and with a lower operating temperature. It could be pumped with an ion-gettering pump, which introduces no hydrocarbons or other contaminating materials.
However, mechanical motions are far more difficult to introduce into such a vacuum system, and its fabrication and maintenance are also more difficult.
VI. CONCLUSIONS
A complex potential distribution on the surface of a semiconductor device, *such as a transistor or integrated circuit, can be observed directly in the scanning electron microscope with resolution limited only the the electron beam spot diameter and scattering processes in the target mater-.
iala.
In addition, the electron beam itself serves as a source of holeelectron pairs which can be usefully employed in integrated circuit analy- L~ -
